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Ovulatory follicle development and associated oocyte maturation involve complex
coordinated molecular and cellular mechanisms not fully understood. This study addresses, for
the first time in any species, the relationships among diameter, vascularization, follicular-fluid
factors, and gene expression for follicle growth, steroidogenesis, angiogenesis and apoptosis in
granulosa/cumulus cells and oocytes during different stages from the beginning of
largest/ovulatory follicle to impending ovulation. Follicle dynamics was tracked and follicle-wall
blood flow evaluated daily through transrectal ultrasonography in mares. The largest follicle of
the ovulatory wave was distributed in six diameter groups (predeviation, deviation,
postdeviation, early preovulatory, preovulatory, and impending ovulation) according to the
targeted diameter for complete aspiration and cell harvesting. The most remarkable findings
were (i) positive association between follicle development, blood flow, intrafollicular FSH, LH,
estradiol, progesterone, and mRNA expression for FSHR and LHCGR in granulosa cells of
largest/ovulatory follicle; (ii) plateau/decrease in follicle diameter, blood flow, and granulosa cell
mRNA for FSHR, LHCGR, IGF1R, VEGFR2, CYP19A1, and CASP3 at the preovulatory stage;
(iii) higher StAR and BCL2 and lower CASP3 mRNA in granulosa cells at impending ovulation;
(iv) greater IGF1R mRNA in the granulosa cells at the predeviation stage; and (v) lower FSHR,
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LHCGR, IGF1R, and VEGFR2 mRNA in cumulus cells, and greater LHCGR and IGF1R mRNA
in oocytes at the ovulatory stage. This study is a critical advance in the understanding of
molecular mechanisms of follicle development and oocyte maturation and is expected to be vital
for future studies targeting potential markers for follicle selection, development, and ovulation.
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CHAPTER 1
GENERAL INTRODUCTION

Introduction
The development of ovarian follicles and oocytes is a complex dynamic process that
involves systemic and intrafollicular interactions along with intricate signaling molecule
exchange between the oocyte and the intrafollicular microenvironment (Gilchrist et al. 2004,
Campos-Chillon et al. 2015, del Collado et al. 2018). Moreover, the participation of the oocyte
in modulating its own fate during different developmental stages is an aspect that is not entirely
understood (Hennet & Combelles 2012). Therefore, more information in oocyte biology is vital
for achieving further progress and higher success for assisted reproductive techniques (ARTs) in
different species (Gilchrist et al. 2004, del Collado et al. 2018). Additionally, advanced
knowledge of the systemic and intrafollicular mechanisms involved in selection and final
follicular maturation is critical to improve the fertility in monovular animals and humans as well.
The in vivo collection of multiple and high-quality oocytes or embryos is critical for the
successful application and utilization of ARTs such as intracytoplasmic sperm injection (ICSI)
and embryo transfer (Roser and Meyers-Brown 2012, Bashir et al. 2016a, Gérard and Robin
2019). In mares, to date, the absence of an efficient superovulation protocol is a major obstacle
to achieve a higher success rate in ARTs. In this regard, the available superovulation treatments
seem to generate inconsistent responses among mares (Roser & Meyers-Brown 2012).
Therefore, studies on the role of the systemic and intrafollicular factors involved in follicle
development and selection of the future ovulatory follicle will be vital towards developing a
more efficient regimen for the superovulation treatment in mares.
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In vitro maturation of the harvested oocytes results in low maturation rates, affecting the
efficiency of the equine ICSI (Stout 2020) and bovine in vitro fertilization (Gérard & Robin
2019). The in vitro oocyte maturation media need to compensate for the absence of the natural
follicular fluid (FF) milieu; hence, the oocyte microenvironment during the final oocyte
differentiation must be comprehensively understood (Hennet & Combelles, 2012). Several
studies have indicated a relationship among the oocyte micro-environment (Mendoza et al. 1999,
Mendoza et al. 2002, Maman et al. 2012), follicular size (Wirleitner et al. 2018), and the
outcome of the ICSI procedure in the women. A better understanding of the factors constituting
the follicular milieu during follicle selection and development could significantly help in
preparation of better-quality media for in vitro oocyte maturation. Therefore, studies underlying
the developmental competence of the antral follicles in relation to the follicular
microenvironment, vascular changes in the follicle wall, oocyte quality, and ovulation
competence are essential (Bashir et al. 2016b, Ishak et al. 2019a).

Follicular Development
Ovarian follicular development in monovular species (e.g., horses, cattle, and humans) is
characterized by the emergence and growth of several follicles in a wave manner (Ginther 1993,
Ginther et al. 2003, Ginther et al. 2004c). In the mare, one wave or a combination of two
follicular waves can occur during an estrous cycle. The major primary wave emerges midway
through an interovulatory interval (IOI) of 21 to 22 days and produces the ovulatory follicle
(Ginther 1993). The major secondary wave, precedes the major primary wave, by emerging at
the end of the previous cycle in 25% of the IOIs; the dominant follicle (DF) of this wave can
either regress or sporadically ovulate or become an hemorrhagic anovulatory follicle (Ginther
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1992). Mares develop minor waves as well during which the largest follicle does not achieve the
dominant size of 28-30 mm (Bergfelt & Ginther 1993, Ginther 1993, Ginther 2017). After the
emergence of a major wave, the follicles grow in parallel for several days until an unprecedented
change in growth rate between the two largest follicles of the wave occurs. The largest follicle, at
22.5 mm in diameter, continues to grow at a constant rate until one or two days before ovulation,
becoming the DF (Gastal et al. 1997b). In contrast, the second-largest follicle at 19 mm in
diameter, also known as subordinate follicle (SF), grows at a slower rate and eventually
regresses. The process of continuation of largest follicle (LF) to grow and slow growth and
regression of second-largest follicle is known as follicle deviation (Gastal et al. 1997b).
Cessation or reduction in the size of the preovulatory follicle has been reported in mares 1 or 2
days before ovulation (Gastal et al. 2006a). Furthermore, as ovulation approaches, the
preovulatory follicles show structural changes, such as serration of granulosa, loss of the
spherical shape, decrease in follicle's turgidity during ultrasound examination, decrease in the
follicular wall blood flow, and the apex formation (Gastal et al. 2006a, Gastal et al. 2006b).

Systemic Gonadotropins and Follicular Development
The regulation of follicular development through the systemic mechanisms involving
changes in gonadotropin levels is closely associated with local and cellular mechanisms within
the follicles (Fortune et al. 2004). The increasing systemic concentrations of follicle-stimulating
hormone (FSH) are associated with the emergence of several follicles of a wave (Bergfelt &
Ginther 1993). In mares, the FSH reaches the peak concentrations when the future DF in a wave
is about 13 mm in diameter (Gastal et al. 1997a, Ginther et al. 2005). Following the peak, the
FSH systemic levels decrease until 2 days before ovulation (Ginther et al. 2008d, Jacob et al.
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2009). The decline in systemic FSH levels preceding follicle deviation is due to the suppressant
action of inhibin produced by multiple growing follicles of the wave and systemic estradiol
(Ginther 1992, Donadeu & Ginther 2001, Ginther et al. 2008a). The reduction in systemic FSH
does not affect the growth of future DF. In this regard, the DF develops the ability to use the
lower circulating gonadotropins with more efficiency through the higher sensitivity of granulosa
cells to declining FSH, increased expression of FSH receptors promoted by IGF-1 and estrogen,
increased dependence on systemic luteinizing hormone (LH), and by the advantaged blood
supply (Rosenfeld et al. 2001, Donadeu & Ginther 2002, Ginther et al. 2003, Acosta et al.
2004b, Ginther et al. 2004b). Along with several biological functions, such as growth and
maturation of antral follicles, the FSH also plays an essential role in the steroidogenesis
regulation during follicle development in many species (Das and Kumar 2018). Moreover, a
previous study in mares (Checura et al. 2010) has indicated that the FSH is required for the
growth of the future DF and to maintain the intrafollicular concentrations of estradiol and IGF-1
until 2 days after the beginning of deviation.
The progressive increase of systemic levels of LH after follicle deviation indicates its
critical role in follicle growth and maturation (Gastal et al. 1999a Donadeu and Watson 2007).
The physiological effects of the systemic LH in folliculogenesis have been demonstrated by the
experimental suppression of LH in cycling mares, promoting the regression of the DF early after
deviation (Bergfelt et al. 2001). The systemic LH concentrations continue to increase after
follicle deviation in mares and reach a peak one day after ovulation (Ginther et al. 2008c).
Afterward, the LH levels in the horse decrease progressively over the next 4 to 6 days and
maintain low concentrations during mid-diestrus (Ginther et al. 2008a).
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Ovarian Follicular Fluid Hormones and Growth Factors
Accurate communication between the oocyte and its microenvironment is important during
follicle development to ensure the acquisition of oocyte developmental capacity (del Collado et
al. 2018), and each component of the FF, such as hormones, growth factors, and signaling
molecules plays a crucial role in this complex interaction (Gilchrist et al. 2004).
The intrafollicular concentrations of gonadotropins could be affected by their systemic
levels (Fay & Douglas 1987). However, some studies indicated a similar intrafollicular FSH and
LH concentrations among different follicle sizes in cattle (Henderson et al. 1982), horses
(Donadeu & Ginther 2002), and during the menstrual cycle in women (McNatty et al. 1975).
Many studies have been performed in different species, intending to find a marker in FF for the
oocyte quality and viability to be used in ARTs (Mendoza et al. 1999, Mendoza et al. 2002,
Nicholas et al. 2005, Revelli et al. 2009, Matoba et al. 2014). In women, several studies
indicated that the higher intrafollicular concentrations of gonadotropins are important in
promoting oocyte maturation and are associated with oocytes with a higher chance of
fertilization (Revelli et al. 2009, Hennet and Combelles 2012). Controversially, a previous study
(Mendoza et al. 2002) showed no difference between the FF concentrations of FSH and
pregnancy outcomes. However, it has been reported that the higher intrafollicular concentration
of LH seems to be strongly correlated with oocyte development in women (Mendoza et al.
2002).
Intrafollicular estradiol plays an essential role in follicular development by increasing its
own synthesis by up-regulating thecal synthesis of androgens (Wrathall & Knight 1995),
increasing pregnenolone synthesis in the granulosa cells and preventing its metabolism into
progesterone (Fortune & Quirk 1988). Intrafollicular estradiol is also involved in the increased
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expression of FSH and LH receptors after deviation, leading to an amplified sensitivity to the
gonadotrophins by the DF in cattle (Ginther et al. 2000). In rats, estradiol regulates gap junctions
among granulosa cells (Rosenfeld et al. 2001), while in cattle, it promotes the synthesis of IGF-1
in vitro (Spicer & Chamberlain 2000). In horses, there is increasing estradiol production by the
largest follicle of the wave around the expected day of follicle deviation (Gastal et al. 1999b;
Donadeu & Ginther 2002). The FF estradiol concentration in mares is associated with the
increase of follicle diameter (Bashir et al. 2016b) and with the systemic concentrations (Gastal et
al. 1999b). However, the estradiol in horses seems not to play a central role in the follicle
deviation mechanism as it does in cattle (Beg & Ginther 2006). Moreover, the FF concentration
of estradiol in the DF is higher during the breeding season than in DFs during the spring
transitional period (Watson et al. 2002). In addition, during the transitional period, the dominant
ovulatory follicle has higher estradiol concentrations when compared to the dominant
anovulatory follicles (Watson et al. 2002, Watson & Al-Zi'abi 2002, Acosta et al. 2004a).
The other important steroid hormone, progesterone, is a product of theca and granulosa
cells and can be used as a substrate for estradiol production. The concentration of ovarian FF
progesterone in horses is not different between the two largest follicles at deviation; however, the
intrafollicular progesterone concentration starts to increase after deviation in the DF (Donadeu &
Ginther 2002); therefore, it seems that the progesterone is not directly associated with the
deviation process in cattle and horses (Beg & Ginther 2006).
The insulin-like growth factor (IGF-1) is critical in initiating the follicle deviation process
and for follicular development in monovular species (Ginther et al. 2002, Donadeu & Ginther
2002, Ginther et al. 2004d, Ginther et al. 2004b). In mares, extensive studies using follicle
ablation, injection of insulin-like growth factor binding proteins (IGFBPs) and/or rhIGF-1 have
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demonstrated that the IGF-1 system (free IGF-1, IGFBPs, and PAPP-A proteases) plays a crucial
role in the follicle-selection process (Ginther et al. 2004d, Beg & Ginther 2006). The increasing
bioavailability of IGF-1 in the DF but not in SFs around the diameter deviation (Donadeu &
Ginther 2002, Checura et al. 2010) promotes the production of inhibin A, follistatin, and VEGF.
The IGF-1 is considered to be a crucial contributor in the initiation of the deviation process in
mares and cows (Ginther et al. 2003, Ginther et al. 2004b, Beg & Ginther 2006). The
relationship between follicle growth and IGF-1 in mares was also demonstrated in a recent study,
in which there was an increase of intrafollicular IGF-1 concentrations associated with the
increase in follicles diameter from 25 to 35 mm (Bashir et al. 2016b). Furthermore, the IGF-1
concentration was lower in the FF of dominant transitional anovulatory follicles than in the
dominant ovulatory follicles in mares (Acosta et al. 2004b). Additionally, the IGF-1 stimulates
the synthesis of vascular endothelial growth factor (VEGF) by the ovarian follicle cells in mares
(Ginther et al. 2004d).
The VEGF is synthesized by various body tissues, mainly by endothelial cells, promotes
mitosis of the endothelial cells, and increases vascular permeability and angiogenesis (Holmes &
Zachary 2005). The VEGF plays a role in the development of new blood vessels, resulting in the
increased provision of nutrients, oxygen, growth factors, and gonadotropins, which are critical
for optimal follicle development and maturation of the ovulatory follicle (Ravindranath et al.
1992, Reynolds & Redmer 1998, Stouffer et al. 2001). In cattle, pigs, and horses, increasing
VEGF is closely associated with the increase in DF diameter (Barboni et al. 2000, Berisha et al.
2000, Bashir et al. 2016b). Similarly, it has been reported that the intrafollicular VEGF
concentration was positively correlated with the blood flow and the rate of oocyte fertilization in
women (Monteleone et al. 2008). In mares, a previous study has shown that the intrafollicular

7

VEGF is higher in the future DF than in the future SF one day before the diameter deviation
(Ginther et al. 2004d), and another study demonstrated that the VEGF concentration is lower for
impending ovulation follicles when compared with follicles from 25 to 35 mm in diameter
(Bashir et al. 2016b). Furthermore, the FF VEGF concentration was found to be lower in
dominant anovulatory follicles compared to dominant ovulatory follicles (Acosta et al. 2004b).
Nevertheless, VEGF is a feasible candidate for promoting the advantaged angiogenesis in the
future DF before the beginning of the diameter deviation (Beg & Ginther 2006, Ginther 2017).
The well-known inflammatory mediator, prostaglandin F2α (PGF2α), a hormone-like
substance, plays an essential role in the ovulation process (Armstrong 1981, Murdoch et al.
1993). In mares, the PGF2α is produced by the granulosa cells of the preovulatory follicle and its
induction is regulated by gonadotropins (Sirois & Doré 1997). Recent studies demonstrated the
effectiveness of non-selective COX inhibitor in blocking ovulation after human chorionic
gonadotropin (hCG) administration in mares (Cuervo-Arango 2011, Cuervo-Arango et al. 2011),
showing the apparent relationship between PGF2α and the ovulatory process. Furthermore, a
more recent study has shown the importance of a specific ratio between PGF2α and PGE2 in
ovulatory and anovulatory follicles (Bashir et al. 2016b).
Nitric oxide (NO) is a messenger molecule and highly reactive free radical (Robbins &
Grisham 1997) known for its regulatory functions in different organ tissues. In the ovary, the NO
is involved in the control of follicular growth, steroidogenesis, angiogenesis, prostaglandin
secretion, and oocyte competence, reviewed in Basini & Grasselli (2015). NO is generated by
ovarian cells, vasculature, and macrophages (Dave et al. 1997) and can be associated with local
regulation in bovine granulosa cell function (Basini et al. 1998). In cows, a higher NO
concentration was detected in the FF of small follicles (Basini et al. 1998), while a lower

8

concentration was observed in the DF (Pancarcı et al. 2011), suggesting the involvement of NO
in follicle selection (Basini & Grasselli 2015). In horses, NO seems to be associated with the
ovulation process, as demonstrated in one study in which, after hCG administration, there was a
higher concentration of NO in the FF of preovulatory follicles (Pinto et al. 2003). Furthermore,
the role of NO in the ovulation cascade, promoting prostaglandin (PGE2) production, was
demonstrated in different species, such as bovines (Zamberlam et al. 2014), rodents (Hesla et al.
1997), and humans (Fang et al. 2015).

Gene Expression in Follicular Cells
The sophisticated machinery of the follicular development and the acquisition of oocyte
competence may be related to the abundance of specific transcripts in the mRNA pool during
follicle growth (Robert et al. 2000, Sirard et al. 2006). The physiological actions of the
gonadotropins on the follicle growth and maturation are effected through binding to their
receptors on various target cells (reviewed in Das & Kumar (2018). In horses, both FSH
receptors (FSHR) and LH receptors (LHCGR) in granulosa cells are present in follicles larger
than 5 mm in diameter (Fay & Douglas 1987, Goudet et al. 1999). Dell'Aquila et al. (2004)
detected the expression of FSHR in equine cumulus cells from immature and mature COCs, and
Tremoleda et al. (2003) detected the FSHR in both granulosa and cumulus cells submitted to in
vitro maturation. Moreover, during the ovulatory season, there is a higher LHCGR expression in
the granulosa cells of equine follicles (Ishak et al. 2019). In cows, there is an increase in the
FSHR content along with the increasing follicle diameter (Bao & Garverick 1998, Beg et al.
2001), and there is an association between the establishment of the DF and elevated expression
of FSHR and LHCGR in granulosa cells (Bao & Garverick 1998). Similar results were found in
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humans, in which the mRNA expression for LHCGR was higher in pre-ovulatory compared to
small- or medium-size follicles (Maman et al. 2012). Furthermore, FSH and LH receptors have
been identified in the oocytes of mice (Patsoula et al. 2001) and humans (Patsoula et al. 2003).
Estradiol and progesterone receptors are present in granulosa cells in humans, rats, and
cows (Rosenfeld et al. 2001, Berisha et al. 2002). In cows, there is a higher expression of the
steroid hormone receptor in larger follicles (Schams & Berisha 2002). The steroidogenic
potential of follicles depends on many different steroidogenic enzymes and the bioavailability of
cholesterol regulated by steroidogenic acute regulatory protein (StAR). The higher mRNA
expression for the steroidogenic enzyme aromatase (CYP19A1) in granulosa cells in cattle is
associated with the establishment of the DF, showing a strong positive correlation between
aromatase receptors expression and follicle size (Bao et al. 1997). The steroidogenic acute
regulatory (StAR) protein transfers cholesterol from the outer to the inner mitochondrial
membrane, allowing enzymatic cleavage of the side chain of cholesterol to pregnenolone (Knobil
2006). In the mare granulosa cells, there is an increased transcript of StAR over the 24 to 39 h
post-hCG treatment (Kerban et al. 1999).
The stimulatory effects of IGF1 on follicle development are regulated by its receptor
IGF1R in the antral follicle. In horses, Doyle et al. (2008) described a higher expression of
IGF1R in granulosa cells of large compared to smaller follicles. However, in cows, there is no
difference in the expression of IGF1R in the granulosa cells among different follicle sizes after
antrum formation and during follicle development (Armstrong et al. 2000, Llewellyn et al.
2007).
The differential vascularization during follicle development might be related to the
expression of VEGFR in follicular cells. In the mare, the VEGFR receptor expression in
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granulosa cells was detected during different seasons of the year (Ishak et al. 2019). In cows, the
VEGFR expression was found to be higher during the final stages of follicle maturation (Berisha
et al. 2016).
The oocyte maturation and competence are dependent on several changes in global gene
expression. In this regard, it has been reported that the follicular development is highly
associated with granulosa cells apoptosis that can occur at any stage of the folliculogenesis
(Jiang et al. 2003, Regan et al. 2018). The Bcl-2, an apoptotic protein of the BCL2 gene family,
plays a role in the mitochondria-dependent apoptosis pathways inhibiting apoptosis through
binding to a Bax-molecule (Reed 1997, Matsuda-Minehata et al. 2006, Regan et al. 2018). In
women, the anti-apoptotic BCL2 mRNA expression has been correlated with oocyte competence
and the outcome of in vitro embryo production (Filali et al. 2009). A contributor to the cell death
pathway, the protease caspase-3, is required for specific distinctive biochemical and
morphological changes during apoptosis via the break of the double-stranded DNA (Jänicke et
al. 1998). In cattle, up-regulation of the caspase-3 gene in granulosa and a down-regulation of
the anti-apoptotic factors BCL2 in aged granulosa cells in persistent follicles was demonstrated
(Lingenfelter et al. 2008). However, more information is still required to elucidate the gene
expression of apoptotic markers during different stages of follicle and oocyte development and
the follicle vascularization as well.

Follicular Wall Blood Flow
Follicle wall vascularity has been correlated with follicle maturity (Gastal et al. 2006b,
Ginther et al. 2007a) and with pregnancy rates in mares (Silva et al. 2006) and heifers (Siddiqui
et al. 2009a). Furthermore, follicle wall perfusion has been found to have a potential role in
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oocyte maturation (Ginther et al. 2007b) and quality (Siddiqui et al. 2009b). Moreover, an
increase in follicle vascularity was reported in the wall of the future DF before the diameter
deviation, compared to the future SF in mares (Acosta et al. 2004b). Additionally, it has been
reported that the lower blood flow (Acosta et al. 2004b) is associated with ovulation failure of
the dominant follicles during the spring transition anovulatory season in mares. However, there
is no information about the interrelationship among the follicular wall blood flow, cumulusoocyte complex (COC) mRNA expression, and FF hormone concentrations during the different
stages of the antral follicle development.

The Mare as a Superb Experimental Model
The striking similarities in follicle dynamics between mares and women have resulted in
many researchers advocating the use of mares as an appropriate comparative animal model in the
area of folliculogenesis (Gastal 2009, Gastal & Gastal 2011, Adams et al. 2012, Ginther 2012).
In this regard, several studies indicated similarities between mares and women for the
interovulatory interval, ovulatory follicular wave and hormonal concentration changes (Ginther
et al. 2004c, Ginther et al. 2005, Ginther et al. 2008b, Baerwald 2009), age-related decline in
fertility (Carnevale 2008), and anovulatory dysfunctions such as luteinized unruptured follicles
(Bashir et al. 2016a). In addition, the larger follicles in the mare compared to other species allow
detailed ultrasonographic studies of the structural changes in the follicle wall during
physiological or pathologic events, providing an excellent source for the collection of follicular
cells and fluid (Ginther et al. 2003, Ginther 2012, Ishak et al. 2018).
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Objectives of the Present Research
The broad objective of the present study was to investigate the relationship between the
transcript abundance of the genes related to follicle growth, steroidogenesis, apoptosis, and
angiogenesis in granulosa cells and COC with the FF milieu and vascularity of the follicle wall
during different phases of follicle development.

Hypotheses Tested
The hypotheses tested in the present study were the following:
1) The increase in the follicle diameter from predeviation to preovulatory period is associated
with the a) increase in blood flow; b) increase in intrafollicular levels of LH, E2, P4, IGF-1,
VEGF, PGF2α, and NO; and c) higher gene expression of LHCGR, CYP19A1, StAR, and BCL2
in granulosa and COCs cells.
2) The cessation of follicle growth in the preovulatory period is associated with the a) decrease in
blood flow; b) decrease in intrafollicular levels of FSH and VEGF; and c) lower expression of
FSHR, VEGFR, and CASP3 genes.
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CHAPTER 2
HEMODYNAMIC, ENDOCRINE, AND GENE EXPRESSION MECHANISMS
REGULATING EQUINE OVARIAN FOLLICULAR AND CELLULAR
DEVELOPMENT

Introduction
Ovarian follicle development is a complex dynamic process during which proper
bidirectional somatic cell–oocyte signaling and cellular and antral fluid communications are
critical for optimal follicular and oocyte maturation (Gilchrist et al. 2004, Campos-Chillon et al.
2015). Considerable progress has been made in recent years in understanding the basic
mechanisms regulating follicular development and oocyte maturation. However, information is
lacking, especially on hemodynamic, molecular, and genomic processes underpinning the
microphysiological perspectives of oocyte, granulosa cells, and follicular fluid milieu during
different stages of follicle development. This knowledge is particularly vital for achieving further
progress in fertility management and higher success for assisted reproductive techniques through
the selection of high-quality oocytes and improvements in better-quality physiologically relevant
oocyte maturation media. Additionally, advanced understanding of intrafollicular molecular
mechanisms, including the oocyte and its microenvironment during different stages of follicle
development, will further enhance the understanding of follicle selection and ovulation.
Follicle development in monovular species (e.g., horses, cows, and humans) is
characterized by waves of multiple growing follicles. During the ovulatory wave, usually, one
follicle among a cohort of growing follicles is selected to establish dominance and then continues
to grow and ovulates at the end of the cycle (Ginther et al. 2004a, Baerwald 2009, Ginther et al.
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2003). Several studies have demonstrated that the follicle dynamics, hormonal changes, and
intrafollicular biochemical aspects during the interovulatory interval are more or less similar
among the monovular species (Revelli et al. 2009, Rodgers & Irving-Rodgers 2010, Ginther
2012). In view of this, recent studies have advocated using mares and cows as relevant
experimental models for studying follicle dynamics in women (Ginther et al. 2004c, Carnevale
2008, Baerwald 2009, Adams et al. 2012). Mares have the advantage of having a larger follicle
diameter than other farm animals and women and, thus, are a suitable, superb in vivo source for
harvesting granulosa cells, oocytes, and follicular fluid samples, along with providing easy
monitoring of vascular changes by color-Doppler ultrasonography (Ginther et al. 2004c, Ginther
2012). Hence, the use of mares in ovarian-follicle-dynamics studies has the potential to advance
the knowledge of the reproductive biology not only of farm animals but of women as well.
The utilization of color-Doppler ultrasonography has allowed for a more in-depth
evaluation of ovarian and follicle hemodynamics for clinical and research purposes (Ginther
2007, Ginther et al. 2007b, Gastal & Gastal 2011). In this regard, follicle-wall vascularity has
been correlated with follicle maturity (Gastal et al. 2006a, Silva et al. 2006, Ginther et al.
2007b), and with pregnancy rates in mares (Silva et al. 2006) and heifers (Siddiqui et al. 2009a).
Furthermore, follicle-wall perfusion has been found to have a potential role in oocyte maturation
(Ginther et al. 2007b) and quality (Siddiqui et al. 2009b). It has been reported that the lower
blood flow (Acosta et al. 2004a) and lower expression of the vascular endothelial growth factor
(VEGF; Watson & Al-Zi'abi 2002, Ishak et al. 2019) were associated with the ovulation failure
of the dominant follicles during the spring transition anovulatory season.
Several studies have shown the association of follicular development and the acquisition of
oocyte competence with the abundance of specific transcripts in the mRNA pool during follicle
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growth (Robert et al. 2000, Sirard et al. 2006). Furthermore, the role of various hormones,
growth factors, receptors, and enzymes associated with follicular fluid and follicular cells during
follicle growth and maturation has been the topic for several studies in different species (Bao et
al. 1998, Patsoula et al. 2003, Lingenfelter et al. 2008, Ishak et al. 2019). However, further
progress in this research area, especially in the equine species, is limited by the lack of in-depth
understanding of coordinated events of follicle development and oocyte maturation processes.
Such studies could advance knowledge regarding mechanisms of the influence of follicular
somatic cells on the developing oocyte, the influence of oocyte on somatic cell proliferation and
growth of the follicle, acquisition of oocyte developmental competence during its growth within
the follicle, and other important related questions. The current study was a step in this direction
and involved temporal relationships among the color-Doppler blood flow changes in the follicle
wall, intrafollicular hormonal concentration, and gene expression in follicular cells and oocytes
during different stages of follicle development.
The present study aimed for the characterization of transcript abundance of receptor genes,
i.e., follicle-stimulating hormone (FSHR), luteinizing hormone (LHCGR), estrogen (ESR1),
progesterone (PGR), insulin-like growth factor-1 (IGF1R), and genes for acute regulatory protein
(StAR), aromatase (CYP19A1), vascular endothelial growth factor (VEGFR2), Bcl-2 (BCL2), and
Caspase 3 (CASP3), related to follicle growth, steroidogenesis, angiogenesis and apoptosis in
granulosa cells, cumulus cells, and oocytes. The follicular fluid constituents, i.e., FSH, LH,
estradiol (E2), progesterone (P4), insulin-like growth factor 1 (IGF-1), vascular endothelial
growth factor (VEGF), prostaglandin F2α (PGF2α), and nitric oxide (NO), and the vascularity of
the follicle wall during different phases of the ovulatory follicle wave were also determined. The
hypotheses tested were (1) The increase in follicle diameter from predeviation to preovulatory
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period is associated with the (i) increase in blood flow; (ii) increase in intrafollicular levels of
LH, E2, P4, IGF-1, VEGF, PGF2α, and NO; and (iii) higher gene expression of LHCGR,
CYP19A1, StAR, and BCL2 in granulosa and cumulus cells; and (2) The cessation of follicle
growth in the preovulatory period is associated with the a) decrease in blood flow; b) decrease in
intrafollicular levels of FSH and VEGF; and c) lower expression of FSHR, VEGFR2, and CASP3
genes.

Materials and methods
Non-lactating cycling mixed-breed mares (n = 16) 5 to 15 years old and weighing 400−600
kg were used during the ovulatory season (June to October) in the Northern Hemisphere and
were kept under natural light in pasture and had free access to water and trace-mineralized salt.
Mares were handled in accordance with the United States Department of Agriculture Guide for
Care and Use of Agricultural Animals in Testing, Research, and Training
(https://grants.nih.gov/grants/olaw/references/ phspol.htm#USGovPrinciples). The study was
approved by the Institutional Animal Care and Use Committee (IACUC) of Southern Illinois
University.

Ultrasonographic examinations
A total of 48 estrous cycles (i.e., 3 estrous cycles per mare) were evaluated using a duplex
B-mode color-Doppler ultrasound machine (Aloka SSD-3500; Hitachi Aloka Medical America,
Inc., Wallingford, CT, USA) equipped with a finger-mounted 7.5 MHz convex-array transducer
(UST-995-7.5). Diameters of all follicles ≥6 mm were measured daily by transrectal
ultrasonography after day 10 of the estrous cycle (day 0 = ovulation) with the aim of acquiring
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follicles of the expected ovulatory wave. The largest growing follicle for at least three
consecutive ultrasound scans was distributed in 6 groups (n = 8 follicles/group) according to the
targeted diameter group. The follicle diameter groups were predeviation (15–19 mm), deviation
(20–25 mm), postdeviation (26–30 mm), early preovulatory (31–35 mm), preovulatory (36–45
mm), and impending ovulation (diameter indefinite). Only one target follicle (the largest) was
used per cycle, and thereafter, each animal was allowed to ovulate naturally. Follicle diameter
was determined by averaging the height and width of two frozen images of the follicle antrum at
the apparent maximal area using electronic calipers (Tazawa et al. 2017). Follicles that reached
30 mm in diameter and, according to the follicular wall characteristics, were expected to be
ovulating soon, were assessed by ultrasonography every 6–12 h to confirm the following signs of
impending ovulation: thick and echogenic follicle wall, pronounced anechoic layer, irregular
follicle shape, irregular internal follicle wall (serration of granulosa), echogenic specks floating
in the follicular fluid, stigma formation, and rent in the follicle wall (Tazawa et al. 2017).
Follicle vascularity (blood-flow perfusion) was assessed immediately before ultrasound-guided
transvaginal follicle aspiration of the selected follicle; real-time visualization of the follicle wall
blood-flow signals in slow continuous motion was performed and graded subjectively by one
operator as a percentage from 0 to 100% (Tazawa et al. 2017, Ishak et al. 2017).

Follicular-fluid and granulosa cell/COC collection
Mares were prepared for follicular fluid and cell harvesting procedure as described
previously (Ginther et al. 2007b, Ishak et al. 2018). Rectal relaxation, analgesia, and sedation
were induced with hyoscine N-butyl bromide (Buscopan, 0.2 mg/kg i.v.; Sigma, St. Louis, MO,
USA), flunixin meglumine (Flunixiject, 1.1 mg/kg i.v.; Butler Schein Animal Health, Dublin,
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OH, USA), and detomidine hydrochloride (Dormosedan, 0.02-0.04 mg/kg i.v.; Zoetis, Florham
Park, NJ, USA), respectively.
Follicular fluid, granulosa cells, and cumulus-oocyte complexes (COC) were collected
from the target follicle in mares of each group by ultrasound-guided transvaginal follicle
aspiration as described previously (Ginther et al. 2007b, Siddiqui et al. 2009b). Briefly, follicular
fluid was aspirated, and follicle flushing was performed with 180 ml of heparinized (0.3%)
phosphate buffer saline (PBS). The aspirated follicular fluid and lavage fluid were held
separately in a 37°C water bath and filtered through 70 µm cell strainer immediately after the
procedure. The cell strainer was finally rinsed with PBS containing 1% fetal bovine serum into a
new Petri dish. The follicular fluid and lavage fluid were searched for granulosa cells and COC
using a stereomicroscope. The COCs were treated with hyaluronidase (87.5 UI/ml) and pipetted
several times to separate the cumulus cells from the oocyte, and both were separately frozen
(–80°C). The granulosa cells were centrifuged (1500 xg, 10 min, 4°C), and the pellet was frozen
(–80°C) until further analysis. Harvested cells and denuded oocytes were used for mRNA
extraction and quantitative polymerase chain reaction (qPCR) to determine the gene expression
of hormonal receptors, growth factors, and enzymes. The follicular fluid was centrifuged, and the
supernatant was frozen (–20°C) for further hormonal analyses.

mRNA extraction and qPCR processing
The mRNA was extracted from granulosa cells using protocols for animal tissues (RNeasy
Mini, Qiagen Sciences, Maryland, USA), and a kit for smaller amounts of tissues (RNeasy Micro
kit, Qiagen Sciences, Maryland, USA) was used for cumulus cells and individual oocytes.
Reverse transcription of total RNA was done to synthesize the first-strand cDNA through the use
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of oligo (dT) and random hexamer primers for use with qPCR according to the manufacturer’s
instructions (iScript cDNA Synthesis Kit, Bio-Rad Laboratories Inc., Hercules, CA, USA).
The qPCR was conducted in a Bio-Rad CFX 384 instrument (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) with an iQ SYBR Green Supermix Kit (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) and specific primer sets (Table 1). The quantification of mRNA expression
was performed for genes, i.e., FSHR, LHCGR, ESR1, PGR, IGF1R, StAR, CYP19A1, VEGFR2,
BCL2, and CASP3. All primers were designed using Gene Runner 3.05 software (Hasting
Software Inc., 1994) and synthesized by Eurofins MWG/Operon (Huntsville, AL, USA). The
parameters to amplify each transcript were 30 sec at 95°C, 40 cycles of 2 sec at 95°C, and 5 sec
at 60°C. Melting-curve analyses were performed to verify product identity. All samples were run
in duplicate and the average of two housekeeping genes (glyceraldehyde-3-phosphate
dehydrogenase [GAPDH] and ubiquitin [UBB]) was used as endogenous control to calculate the
expression of the target genes. The relative quantification of each investigated gene across the
follicle classes was evaluated using a 2-Ct method (Livak and Schmittgen, 2001).

Follicular fluid hormone analyses
Follicular fluid concentrations of FSH and LH (Endocrine Technologies, Newark, USA),
estradiol (E2) and progesterone (P4) (Neogen Co., Lexington, KY, USA), total IGF-1
(Mediagnost, Reutlingen, Germany), and VEGF and prostaglandin F2α (PGF2α) (Neogen Co.,
Lexington, KY, USA) were determined using ELISA assays following the manufacturers’
instructions unless otherwise stated.
For the FSH assay, due to the low concentrations in the follicular fluid, the manufacturer's
protocol was modified and validated. Briefly, the volume of each follicular fluid sample was
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increased to 200 µl (without dilution), the standards were diluted 1:2, and the incubation time
was divided into two steps of 2 h at 37°C. The first step was performed to allow the
samples/standards to react with the antibody in the assay plate. After washing the plate, 100 µl of
the enzyme conjugate was added, and the second step of incubation was performed. After the
second incubation, the plate was washed, and then the manufacturer’s instructions were
followed. The intra-assay CV was 7.7%, and the assay sensitivity was 0.125 ng/ml. For LH
determination, follicular fluid samples were diluted 1:10 with sample diluent, and the intra-assay
CV and the assay sensitivity were 5.0% and 0.5 ng/ml, respectively.
For the E2 assay, follicular fluid samples were diluted 1:1500–1:10000 in assay buffer, and
the intra-assay CV and assay sensitivity were 8.2% and 20 pg/ml, respectively. For P4
determination, all follicular fluid samples were diluted 1:12.5 in assay buffer, and the intra-assay
CV and the assay sensitivity were 3.1% and 0.4 ng/ml, respectively. For the PGF2α assay, a
sample dilution of 1:10 in assay buffer was used and the intra-assay CV was 8.2% and the assay
sensitivity was 2 pg/ml.
Concentrations of total IGF-1 were determined by a sandwich-type ELISA; follicular fluid
samples were diluted 1:10 in an acid buffer provided with the kit to dissociate IGF-1 from the
IGF binding proteins before starting the assay. The intra-assay CV and the assay sensitivity were
5.8% and 0.09 ng/ml, respectively. Concentrations of VEGF in the follicular fluid were
determined as described previously (Ginther et al. 2004d). The intra-assay CV was 15.5%, and
the assay sensitivity was 0.02 pg/ml. Determinations of NO were performed using a colorimetric
assay (Neogen Co., Lexington, KY, USA) based on spectrophotometric quantitation of stable
degradation products, nitrate and nitrite (Schmidt et al. 1995). The intra-assay CV was 10.2%,
and the assay sensitivity was 0.5 µM.
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Statistical analyses
Data were tested for normal distribution using Kolmogorov-Smirnov test. Data that were
not normally distributed were transformed to either rank or natural logarithms. Outliers within
the dataset were detected using Dixon’s test and were excluded from any statistical analysis.
Follicle group differences were compared using one-way ANOVA. When the main effect of
group was significant, data were further examined by Duncan test to locate differences among
groups. Pearson correlation analyses were determined between two specific end points. All the
statistical analyses were performed using the SAS statistical software (SAS version 9.2; SAS
Institute, Cary, NC, USA). A probability of P ≤ 0.05 indicated that a difference was significant,
and probabilities between P > 0.05 and ≤ 0.1 indicated that a difference approached significance.
Data were expressed as mean ± standard error of the mean (S.E.M.) unless otherwise stated.

Results
Follicle diameter and blood flow
Mean follicle diameters and follicle-wall blood flow at follicle aspiration and the average
day of follicle sampling for all follicle diameter groups are shown (Table Sl). The percentage of
follicle-wall blood flow increased (P < 0.0001) with an increase in follicle diameter (Fig. 1;
Table Sl). In this regard, a lower percentage of follicle-wall blood flow was observed in the
predeviation group compared to all other groups. On the other hand, the preovulatory follicle
group showed a greater percentage of follicle wall blood flow than the predeviation, deviation,
and postdeviation groups. Furthermore, a positive correlation (r = 0.68, P < 0.0001) was
observed between follicle blood flow and follicle diameter.
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Follicular fluid hormonal concentrations
Intrafollicular concentrations of FSH and LH were lower (P < 0.05) in the predeviation
group than in all other groups except for the impending ovulation (FSH) and postdeviation (LH)
groups (Fig. 2a,b). However, no other differences were observed among other groups.
Concentrations of follicular fluid E2 increased (P < 0.0001) among the groups until the early
preovulatory stage (Fig. 2c). Nevertheless, no further increase in concentrations was observed
during the final stages of follicle development. The highest (P < 0.0001) concentrations of P4 in
the follicular fluid were observed in the impending ovulation follicle group (Fig. 2d), whereas
the lowest concentrations of P4 were detected in the predeviation group compared to all other
groups. However, no other differences (P > 0.05) were observed. The E2:P4 ratio was higher (P
< 0.0001) in the early preovulatory group compared to that of follicles from the predeviation,
deviation, postdeviation, and impending ovulation groups (Fig. 3). Furthermore, the follicles in
the predeviation group had the lowest E2:P4 ratio compared with the follicles of postdeviation,
early preovulatory, preovulatory, and impending ovulation follicle groups. Intrafollicular
concentrations of total IGF-1 and PGF2α did not differ (P > 0.05) among the various follicle
diameter groups (Fig. 2e,g). Follicular fluid concentrations of VEGF were different (P < 0.0007)
among various follicle groups (Fig. 2f). The predeviation group had greater follicular fluid
VEGF concentrations than that of the preovulatory and impending ovulation follicle groups.
Similarly, the early preovulatory group had higher follicular fluid concentrations of VEGF
compared with the impending ovulation follicle group. Conversely, no differences (P > 0.05)
were detected among other groups. Follicular fluid concentrations of NO were higher (P < 0.03)
in the deviation group compared to that of the preovulatory and impending ovulation follicle
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groups (Fig. 2h). However, concentrations of NO in the follicular fluid were similar (P > 0.05)
among follicles ranging from 15 to 35 mm (predeviation to early preovulatory follicle groups).

Gene expression in granulosa cells
The expression of FSHR in granulosa cells was steady (P > 0.05) among the predeviation
until the preovulatory groups; however, the impending ovulation follicles had lower (P < 0.04)
FSHR expression compared to all other groups (Fig. 4a). The LHR mRNA expression was
greater (P < 0.0001) in postdeviation, early preovulatory and preovulatory groups compared with
the predeviation and impending ovulation follicle groups (Fig. 4b). The expression of ESR1 and
PGR did not differ (P > 0.05) among various follicle groups (Fig. 4c,d). The relative abundance
of IGF1R transcript in the granulosa cells was greater (P < 0.0004) in the predeviation group
compared to the deviation, postdeviation, preovulatory, and impending ovulation follicle groups
(Fig. 4e).Moreover, the impending ovulation follicle group showed a lower (P < 0.05) abundance
of IGF1R compared with early preovulatory group. The expression of VEGFR2 was greater (P <
0.05) in the early preovulatory follicles compared to the impending ovulation follicles (Fig. 4f).
However, no differences (P > 0.05) were detected among the other groups. The expression of
CYP19A1 was greater (P < 0.001) in postdeviation, early preovulatory, and preovulatory groups
compared to the predeviation and impending ovulation follicle groups (Fig. 5a). StAR expression
was higher (P < 0.02) in the early preovulatory and impending ovulation follicle groups than in
the deviation and postdeviation groups (Fig. 5b). The BCL2 gene had a higher (P < 0.05)
expression in impending ovulation follicles than in the follicles ranging from 15 to 30 mm of
predeviation to postdeviation groups (Fig. 5c). On the other hand, CASP3 mRNA expression was
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lower (P < 0.008) in the impending ovulation follicles compared to the follicles from the
predeviation through the preovulatory stage (Fig. 5d).

Gene expression in cumulus cells and oocytes
A total of 16 oocytes (50%, 16/32) were recovered from the postdeviation (4), early
preovulatory (4), preovulatory (5), and impending ovulation follicle (3) groups. Due to the small
volume of follicles for the 15–19 mm– and 20–25 mm–diameter groups, adequate flushing of the
follicles after follicular fluid aspiration was a limitation; however, the follicular fluid and the
flushing were searched, and only one oocyte was obtained from 16 follicles. Thus, for the predeviation and deviation groups, only granulosa cell end points, and not gene expression of
oocytes and cumulus cells, were evaluated. In addition, to have an adequate sample size and
increase the power of the statistical analysis, data from the postdeviation and early preovulatory
follicles were combined to create an accessory group named “dominant follicle group.”
Similarly, data from preovulatory and impending ovulation follicles were combined as another
accessory group named “ovulatory follicle group.” In order to facilitate comparisons among
different end points between the two accessory groups, new combined data sets were generated
for follicle-wall blood flow, follicular fluid hormones, granulosa and cumulus cells, and oocyte.
Gene expression data in granulosa cells, cumulus cells, and oocytes were also available for
FSHR, LHCGR, PGR, IGF1R, CASP3, and VEGFR2 mRNA for comparison between groups.
The percentage of follicle-wall blood flow was higher (P < 0.05) in the dominant versus the
ovulatory follicle group (data not shown). Follicular fluid concentrations of FSH did not differ (P
> 0.05) between the two groups (Fig. 6a). Expression of FSHR for the granulosa cells was higher
(P < 0.03; Fig. 6b) and tended to be higher (P < 0.06; Fig. 6c) for the cumulus cells in dominant
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versus ovulatory groups; no difference (P > 0.05; Fig. 6d) was observed for the oocytes.
Follicular fluid concentrations of LH were similar between the two groups (Fig. 6e). The
LHCGR expression was higher (P < 0.002) for the granulosa and cumulus cells (Fig. 6f,g) and
lower (P < 0.003) for the oocyte (Fig. 6h) of dominant versus ovulatory groups. Concentrations
of P4 in the follicular fluid of ovulatory follicles were higher (P < 0.0008) than in that of
dominant follicles (Fig. 6i). However, no difference in the PGR expression was detected for the
granulosa, cumulus, and oocyte between the two groups (Fig. 6j-l). The follicular fluid
concentration of IGF-1 did not differ between the two groups (Fig. 6m). However, a greater (P <
0.05) IGF1R expression was observed for the granulosa and cumulus cells of the dominant group
compared to the ovulatory group (Fig. 6n,o), and the expression tended (P < 0.07) to be higher
for the oocyte of ovulatory follicles (Fig. 6p). The mRNA expression of CASP3 was higher (P <
0.002) in the granulosa cells of the dominant follicle group compared to the ovulatory follicle
group (Fig. 6q); however, it did not differ for the cumulus and oocyte (Fig. 6r,s). The
intrafollicular concentrations of VEGF were higher (P < 0.04) in the dominant group than in the
ovulatory group (Fig. 6t). Similarly, a greater VEGFR2 expression was detected in granulosa (P
< 0.05) and cumulus (P < 0.03) cells of the dominant versus the ovulatory group (Fig. 6u,v).

Correlations
Correlation coefficients (r) and significances (p-values) among various end points of the
follicular fluid, granulosa cell gene expression, and follicle diameter and blood flow are
presented (Table 2).
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Discussion
The present study addresses for the first time in any species the relationships among
follicle vascularization, follicular fluid milieu, and gene expression related to follicle growth,
steroidogenesis, apoptosis, and angiogenesis in granulosa cells, cumulus cells and oocytes during
different stages of the ovulatory follicular wave.
A positive correlation between follicle diameter and follicle-wall blood flow from the
predeviation stage until the preovulatory stage was a novel finding for any species. Previous
reports have not considered different target follicle diameters of largest/ovulatory follicle from
predeviation to impending ovulation but follicles were either grouped and compared on a
hierarchical basis (Acosta et al. 2004a) or only preovulatory follicles were considered (Gastal et
al. 2006a). Similarly, during the preovulatory stage, a plateau of follicular diameter (Koskinen et
al. 1989, Gastal et al. 2006a) and a cessation and decrease in follicle-wall blood perfusion were
also observed between 9 and 6 h before ovulation (reviewed in Gastal & Gastal 2011). Taken
together, these studies indicate that the blood perfusion of the follicle wall reaches a peak by the
preovulatory stage and then plateaus during the preovulatory stage, followed by a decrease as
ovulation approaches. In the same context, in the present study, a decrease in VEGFR mRNA
expression in granulosa cells along with the decrease in intrafollicular concentration of VEGF as
ovulation approached might be important potential players in this mechanism. The data from the
combined accessory groups for the follicular fluid, granulosa, and cumulus cells also reinforced
the decrease in the intrafollicular VEGF and VEGFR mRNA expression during the final stages of
follicle development. Recently, our group reported a decrease in intrafollicular concentration of
VEGF as ovulation approached in mares (Bashir et al. 2016b). Previous studies in cattle and
horses (Berisha et al. 2016, Ishak et al. 2019) reported higher VEGFR protein expression along
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with follicle development but did not consider follicles at the impending ovulation stage.. In our
study, the peak in follicle diameter and blood flow, FSHR, LHCGR, VEGFR2, and CYP19A1 at
the preovulatory stage and the decrease after that may have been related to the fact that a critical
systemic concentration of LH may have blocked estradiol production by downregulation of
CYP19A1 and other steroidogenic enzymes, resulting, therefore, in a reduced rate of follicle
growth and blood flow during the final phase of the long equine LH surge (Ginther et al. 2008b,
Ginther et al. 2007c, Gastal & Gastal 2011). Further targeted investigations are required to
understand the dynamics of VEGFR gene and protein expression, along with the intrafollicular
VEGF in the selection of the dominant follicle, as well as during different stages of follicle
development.
A positive association between the intrafollicular concentration of FSH and LH during
different stages of follicle development was due to a consistent increase in follicular-fluid
concentration of FSH and LH from the predeviation stage (i.e., 15–20 mm group) until the
preovulatory stage. In this regard, follicular waves emerge and develop in response to an FSH
surge (Bergfelt & Ginther 1993, Ginther et al. 2003), and the FSH is important for the
production of estradiol (Glister et al. 2001) and IGF-1 and IGF binding proteins (Davidson et al.
2002) and also becomes essential for the growth of dominant follicles during the first days after
follicle deviation (Checura et al. 2010). Similarly, to the intrafollicular FSH and LH results, the
expression of mRNA for FSHR and LHCGR in granulosa cells during follicle development were
positively associated. Furthermore, higher mRNA expression of both receptors was observed for
the granulosa and cumulus cells of dominant follicles compared to ovulatory follicles, and the
expression of mRNA for LHCGR was greater for the granulosa cells of postdeviation to
preovulatory groups. Previous reports corroborate the finding of higher granulosa LHCGR
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expression associated with follicle development (Goudet et al. 1999), and with ovarian stromal
cells of dominant follicles expressing more mRNA for LHCGR compared to the contralateral
ovary (Bastos et al. 2014). In this regard, although the participation of LH in the follicle
deviation process in mares is unknown, our results for granulosa LHCGR mRNA expression and
the findings from previous studies have confirmed the importance of systemic LH in the
establishment of dominance and continuous growth of the dominant follicle in mares (Gastal et
al. 1999a, Goudet et al. 1999, Checura et al. 2010, Bastos et al. 2014). In the present study,
although no protein expression for LHCGR was investigated, the absence of differences for
granulosa LHCGR mRNA expression between the predeviation and deviation groups on a
temporal basis suggests a lower participation of LHCGR in the follicle deviation in mares.
Nonetheless, the intrafollicular concentrations of FSH, LH, E2, and P4 increased from the
predeviation to the deviation follicle group, indicating that these hormones may be playing an
important role in the completion of the follicle-selection mechanism; however, the potential
cause-and-effect relationships is unknown and warrants targeted studies.
The present study is the first to demonstrate the mRNA expression of FSHR in the
granulosa and cumulus cells and the oocyte during all the stages of an ovulatory follicle wave in
mares and the temporal relationships with the follicular fluid content and follicle wall
vascularization. Previous studies have discretely demonstrated the mRNA expression of FSHR in
the equine cumulus cells (Dell'Aquila et al. 2004), granulosa cells (Goudet et al. 1999,
Tremoleda et al. 2003, King et al. 2008), theca cells (King et al. 2008), and ovarian stromal cells
(King et al. 2008, Bastos et al. 2014), as well as the mRNA and protein expression of the FSHR
in the equine ovarian cells, oocytes, and luteal cells (Scarlet et al. 2015). In the present study,
granulosa cells of impending ovulation follicles expressed lower mRNA for FSHR and LHCGR.
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Therefore, it is possible that the decrease in gonadotropin receptor mRNA expression as
ovulation approached might have been responsible for the plateau in follicle development before
ovulation observed in the present study and in previous reports (Koskinen et al. 1989; Gastal et
al. 2006a). However, this potential mechanism warrants further examination. The expression of
mRNA for LHCGR in the equine oocyte, to the best of our knowledge, has not previously been
reported. Previous studies indicated that LHCGR is not expressed in the rat (Amsterdam et al.
1975) or in porcine or human (Méduri et al. 2002) oocytes. However, the presence of LHCGR
mRNA in mice (Patsoula et al. 2001) and human (Patsoula et al. 2003) oocytes has been
reported. The LHCGR mRNA expression suggested a potential physiological role of the LH
receptor during mare oocyte development but warrants further examination.
The negative correlations of intrafollicular concentrations of E2 and P4 with the
intrafollicular VEGF concentration but the positive correlations of the mRNA expression of
ESR1 and PGR with VEGFR mRNA expression were interesting findings. Possible differential
processes at hormonal and gene-expression levels in follicles might be part of the reasons for this
result. The plateau in intrafollicular E2 concentration as ovulation approached, reported herein, is
in agreement with a previous report from our laboratory (Bashir et al. 2016b). Previous reports
of systemic estradiol plateau 2 days before ovulation in mares (Gastal et al. 2006a, Ginther et al.
2008b) are related to our present findings for the reduction in follicle vascularity and lower
expression of mRNA VEGFR for granulosa and cumulus cells as ovulation approached and
suggested that this could limit the intrafollicular estradiol permeability into the circulatory
system (Bashir et al. 2016b). In the present study, the equine granulosa expression of CYP19A1
mRNA and, accordingly, the intrafollicular E2:P4 ratio were increased along with follicle
development until the early preovulatory stage. Afterward, both the CYP19A1 mRNA expression
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and the intrafollicular E2:P4 ratio started to decrease during the final stage of follicle
development and just before ovulation. These changes are attributed to the higher
steroidogenesis during follicle development and luteinization of the granulosa in response to LH
as the final stage of follicle development and ovulation approach. The present results are
supported by the association of CYP19A1 expression and intrafollicular E2:P4 ratio during
different developmental stages (Goudet et al. 1999), and greater CYP19A1 protein expression in
granulosa cells of large than small follicles in mares (Almadhidi et al. 1995).
Higher expression of StAR mRNA in the granulosa cells of impending-ovulation follicles
and a strong positive correlation between the StAR mRNA expression and intrafollicular P4
concentration as ovulation approached were supported by a previous study (Kerban et al. 1999)
showing higher StAR mRNA expression with an increase in intrafollicular P4 concentration after
injecting mares with an ovulatory dose of hCG. Furthermore, StAR mRNA expression in bovine
granulosa cells after luteinization (Bao et al. 1998) and a potential relationship between the
granulosa cells StAR mRNA expression and follicle luteinization as ovulation approached have
been also reported (Kerban et al. 1999).
No differences were found in follicular fluid concentrations of total IGF-1 among different
follicle groups in the present study. This finding partially contrasts with previous studies (Spicer
et al. 2005, Bashir et al. 2016b) that reported a continued increase in intrafollicular free IGF-1
concentration along with follicle development in mares. The reason for this contrasting result
might be related to the fact that, in our study, total IGF-1 instead of only free IGF-1 was
considered. On the other hand, our results revealed a higher IGF1R mRNA expression in the
granulosa cells of the predeviation follicles. The IGFR1 mRNA expression was also negatively
correlated with the intrafollicular concentration of LH, E2, and P4. In this regard, several reports
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have confirmed the critical role of intrafollicular IGF-1 in the selection of the ovulatory follicles
in monovular species (Donadeu & Ginther 2002, Ginther et al. 2004d, Beg & Ginther 2006,
Ginther 2017). Therefore, the higher IGF1R mRNA expression during the predeviation stage
(this study) along with high intrafollicular free IGF-1 (previous studies) are the earliest events in
the completion of follicle selection and contribute to increasing the future dominant follicle
responsiveness to the reducing FSH concentration; however, this novel finding warrants further
confirmation. Similarly, our results showed a lower expression of IGF1R mRNA in the
granulosa and cumulus cells of the ovulatory compared to dominant follicles. Other studies
reported no relationship between the granulosa IGF1R mRNA expression and follicle
development in cattle (Armstrong et al. 2000), sheep (Hastie & Haresign, 2006) and pigs (Liu et
al. 2000). In this regard, it is worth noting that mRNA expression may not precisely reflect the
actual abundance of the functional protein (Doyle et al. 2008); therefore, more in-depth studies
are required to characterize the functional IGF1R protein in the follicle wall in relation to follicle
development.
The intrafollicular NO concentrations were higher only in the deviation group when
compared to the preovulatory and impending ovulation follicle groups. This result contrasts with
the indication that intrafollicular NO and follicle development are positively associated in
women (Anteby et al. 1996). Previous studies showed a higher follicular fluid NO concentration
in small follicles compared to large follicles in cows (Basini et al. 1998) and water buffalo (Khan
& Das 2011) and, therefore, suggest its role in follicle development. In this regard, recent studies
in mares also did not find any difference in intrafollicular NO concentration between ovulatory
and anovulatory follicles such as hemorrhagic anovulatory follicles and spring transitional
anovulatory follicles (Bashir et al. 2016a, Ishak et al. 2020). The involvement of NO in ovarian
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physiology such as granulosa cell steroidogenesis, angiogenesis, vasodilation, follicle
development, and ovulation has been well established (reviewed in Dixit & Parvizi 2001).
However, despite its reported importance to ovarian physiology, in mares, the precise role of NO
in follicle development has not been investigated and, therefore, needs targeted comprehensive
studies.
In the present study, CASP3 and BCL2 mRNA expression was detected in the granulosa
cells of follicles during different developmental stages; however, impending ovulation follicles
expressed lower CASP3 mRNA. Likewise, ovulatory follicles expressed lower CASP3 mRNA
compared to dominant follicles. In bovine, granulosa cells of dominant follicles had lower
caspase-3 protein compared to that of subordinate and persistent follicles (Lingenfelter et al.
2008, Gasperin et al. 2015). Some studies have shown discretely that CASP3 was expressed in
the granulosa cell of atretic follicles in humans and mice (Matikainen et al. 2001, Glamočlija et
al. 2005), cattle (Lingenfelter et al. 2008, Gasperin et al. 2015), and rats (Boone & Tsang 1998).
Furthermore, CASP3 expression has been detected in healthy thecal and luteal cells (Hussein
2005). It is important to highlight that apoptosis of granulosa cells within a healthy follicle
occurs at any stage of follicle development and characterizes an important process during normal
follicle development (reviewed in Regan et al. 2018). However, more details are required to
elucidate the role of active caspase-3 during different stages of follicle development and in
relation to the selection mechanism.
As anticipated, in the present study, the expression pattern of BCL2 mRNA had a different
trend than the CASP3 mRNA expression, with higher BCL2 mRNA expression being observed in
impending ovulation follicles compared with lower CASP3 mRNA expression observed in
impending ovulation follicles. Bcl-2 is an anti-apoptotic molecule that inhibits apoptosis through
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binding to Bax (proapoptotic molecule), thereby protecting the mitochondrial membrane of
healthy follicles (Hussein 2005). Therefore, the balance between BAX and BCL2 expression is
critical to determining cell fate (Sugino et al. 2000). In this regard, higher Bcl-2 protein
expression was observed in healthy growing follicles, whereas BAX expression was mostly
detected in atretic and anovulatory follicles (Van Nassauw et al. 1999, Ishak et al. 2019).
However, in the present study, the BAX mRNA expression was not evaluated, and therefore,
more detailed studies are required to illustrate the expression pattern of the Bax/Bcl-2 protein
ratio during different stages of follicle development.
In conclusion, the present study characterized and established for the first time the
relationships of follicle diameter and blood flow, intrafollicular hormones, and gene expression
for important hormones, receptors, apoptotic molecules and growth factors in granulosa and
cumulus cells and oocytes during different stages of largest/ovulatory follicle development in
mares. The most remarkable findings were the following: (i) positive association between follicle
development, blood flow, intrafollicular FSH, LH, estradiol, progesterone, and mRNA
expression for FSHR and LHCGR in granulosa cells of largest/ovulatory follicle; (ii)
plateau/decrease in follicle diameter, blood flow, and granulosa cell mRNA for FSHR, LHCGR,
IGF1R, VEGFR2, CYP19A1, and CASP3 at the preovulatory stage; (iii) higher StAR and BCL2
and lower CASP3 mRNA in granulosa cells at impending ovulation; (iv) greater IGF1R mRNA
in the granulosa cells at the predeviation stage; and (v) lower FSHR, LHCGR, IGF1R, and
VEGFR2 mRNA in cumulus cells, and greater LHCGR and IGF1R mRNA in oocytes at the
ovulatory stage. Therefore, information presented herein, we believe, significantly advances the
understanding of mechanisms of follicle development, oocyte maturation, and granulosa cell–
oocyte interactions. Furthermore, these results are vital for designing more detailed future studies
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for targeted identification of potential hormonal and genomic factors essential for follicle
selection, development, and ovulation.
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Table 2.1. Sequence of specific primer sets used for real-time polymerase chain reaction and
accession numbers of GeneBank cDNA sequences.
Gene

Primer sequence

Amplicon Accession
size
number

FSHR

Forward 5’-CCAAGCTTCGAGTCATCC
Reverse 5’-CACATTCGCCTCTATCACTTC

104bp

S70150.1

LHCGR

Forward 5’-GCCACATCATCCTATTCTC
Reverse 5’-GGGTAAGTCAGTGTGGCAG

80bp

AY464091.1

ESR1

Forward 5’-AGAGGAGGGAGAATGTTG
Reverse 5’-ATCATCTGCTCGGCTGTC

170bp

NM_001081772.1

PGR

Forward 5’-GGACTGCTGAGAAATGCG
Reverse 5’-CTGACTGCGTTCCACTTCC

146bp

AF053141.1

IGF1R

Forward 5’-CAATAACTACATCGTGGGAAAC 92bp
Reverse 5’-TGGTCTTCTCGCACAATG

XM_001489765.2

VEGFR2

Forward 5’-GAGTGTAGTGATGGCGTCTTC
Reverse 5’-AGGCTCCAGTGTCATTTC

70bp

AJ439888.1

CYP19A1

Forward 5’-TGGATCAGTGGAGAGGAAACG
Reverse 5’-CTGCCAAATCGGGAGGAGTAG

96bp

AJ012610.1

StAR

Forward 5’-CACTCTCTACAGCGACCAG
Reverse 5’-GGGACCACTTTACTCAGC

147bp

AF031697.1

BCL2

Forward 5’-GCCTGCCACAAACAAATATG
Reverse 5’-GACGTTGAGCCTGAAAGC

133bp

AJ888886.1

CASP3

Forward 5’-GGGATTGTTGCAGAAGTC
Reverse 5’-GTCATCCTCAATACCACTGTCG

110bp

NM_001163961.1

GAPDH

Forward 5’-TTTGTGATGGGCGTGAAC
Reverse 5’-CAATTGGTGGTGCAGGAGG

77bp

AF157626.1

UBB

Forward 5’- AAGATGGCCGCACTCTTTCTGAT 173bp
Reverse 5’-TCCTGGATCTTGGCCTTCACGTT
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NM_001009202.1

Table 2.2. Correlation coefficients (r) among various end points of the follicular fluid, granulosa
cell, and follicle diameter and blood flow.
cell, and follicle diameter and blood flow.
Follicular fluid concentration
FSH
LH
.
0.30*
.
.
.
.

FSH
LH
E2
P4
IGF-1
VEGF
PGF2α
NO

.
.
.
.
.

E2
P4
˗
˗
0.36* 0.39**
.
0.47***

.
.
.
.
.

.
.
.
.
.

IGF-1
˗
˗
˗
˗

.
.
.
.
.

PGF2α
˗
˗
˗

VEGF
˗
˗
–0.44**

–0.32*
˗

.
.
.
.

.
.
.

0.34*
˗
˗
.
.

NO
˗
˗
˗
˗
˗
˗
˗
.

Fol. Diam. Fol. BF
0.34*
˗
0.39**
˗
0.76*** 0.56***
0.54***
˗
–0.56***
˗
–0.30*

0.48***
˗
–0.42**
˗
˗

Granulosa cell gene expression
FSHR
LHCGR
ESR1
PGR
IGF1R
VEGFR2
CYP19A1
StAR
BCL2
Follicle
Diameter

FSHR LHCGR
.
0.41**
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

BF

ESR1
˗
˗
.
.
.
.
.
.
.

PGR

–0.36*
˗
˗
.
.
.
.
.
.

˗

˗

˗

˗

˗

˗

˗

˗

IGF1R VEGFR2 CYP19A1 StAR BCL2 CASP3
0.48***
˗
0.54*** –0.35*
˗
˗
*
0.38
˗
0.75***
˗
˗
˗
˗
0.47***
˗
˗
˗ 0.37*
˗
0.43** –0.34*
˗
0.56***
˗
.
˗
˗
˗
˗ 0.40**
.
˗
.
.
˗ 0.46**
.
˗
.
.
˗
˗
.
.
˗
.
0.81***
˗
.
.
.
.
.
˗

–0.46**
–0.40**

˗

˗

0.32*

˗

˗

*

˗

˗

0.29

–0.37*
–0.30*

Follicular fluid concentration vs. granulosa cell gene expression
FSH
LH
E2
P4
IGF-1
VEGF
PGF2α
NO

FSHR
˗
˗

–0.33*
–0.49***
˗
˗
˗
˗

LHCGR ESR1
˗
˗
*
˗ –0.31
˗

˗

˗
˗
˗
˗
˗

˗
˗
˗
˗
˗

PGR
IGF1R VEGFR2 CYP19A1 StAR
˗
˗
0.29*
0.43**
˗
*
**
˗ –0.31
˗
˗
0.41
˗

–0.32*

0.31*–0.50***˗
˗
˗
˗
˗
˗ –0.39**
˗
˗

˗

˗

˗
˗
˗
˗
˗

0.65***
˗
˗
˗
˗

Fol. Diam., follicle diameter; Fol. BF, follicle blood flow.
. = correlation not applied or repeated.
˗ = not significant.
*P<0.05
**P<0.01
***P<0.001
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BCL2 CASP3
˗
˗
**
˗ –0.42
˗

–0.43**

0.77*** –0.41**
˗
˗
˗
˗
0.32*
˗
˗
˗

˗
˗
˗
˗

˗

Table S1. Mean (± SEM) diameter, blood flow, and day of cycle at follicle aspiration for the
largest/dominant follicle in each group.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Follicle
Groups

Diameter
(mm)
16.3 ± 0.3e

Blood flow
(%)
18.8 ± 5.2c

Aspiration
(Day)†
15.5 ± 0.8

Deviation
(20 – 25 mm)

23.5 ± 0.4d

41.3 ± 6.7b

16.1 ± 0.6

Postdeviation
(26 – 30 mm)

28.9 ± 0.5c

49.6 ± 8.1b

18.0 ± 0.8

Early preovulatory
(31 – 35 mm)

33.7 ± 0.4b

56.9 ± 4.8ab

19.5 ± 1.2

Preovulatory
(36 – 45 mm)

40.2 ± 1.7a

74.1 ± 7.0a

20.3 ± 1.2

Impending ovulation
(diameter indefinite)

40.0 ± 0.3a

58.1 ± 8.1ab

25.0 ± 0.5

Predeviation
(15 – 19 mm)

a–e
†

Means within a column with noncommon superscripts are different (P < 0.05).
Day 0 = ovulation. Eight follicles were aspirated in each group. Total, 48 follicles evaluated.
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Figure 2.1. Mean (± SEM) percentage of follicle-wall blood flow and follicle diameter (mm) in
different diameter categories of largest/ovulatory follicle in mares. A-E Indicate differences in
follicle diameter between groups. a,b,c Indicate differences in follicle-wall blood flow between
groups. G, group effect.
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Figure 2.2. Mean (± SEM) follicular fluid concentrations of FSH, LH, estradiol (E2),
progesterone (P4), IGF-1, VEGF, PGF2α and NO in different diameter categories of
largest/ovulatory follicle in mares. a-c Indicate differences between groups. NS, non-significant.
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Figure 2.3. Estradiol:progesterone (E2/P4) ratio in follicular fluid in different diameter
categories of largest/ovulatory follicle in mares. a-d Indicate differences between groups.
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Figure 2.4. Relative mRNA abundance for FSHR, LHCGR, ESR1, PGR, IGF1R, and VEGFR2
genes in granulosa cells of different diameter categories of largest/ovulatory follicle in mares. a-c
Indicate differences between groups. NS, non-significant.
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Figure 2.5. Relative mRNA abundance for CYP19A1, StAR, BCL2, and CASP3 genes as
determined by real-time polymerase chain reaction in granulosa cells of different diameter
categories of largest/ovulatory follicle in mares. a-c Indicate differences between groups.
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Figure 2.6. Comparison between dominant and ovulatory accessory follicle groups in mares for
follicular fluid concentrations of FSH, LH, P4, IGF-1, and VEGF and relative mRNA abundance
for FSHR, LHCGR, PGR, IGF1R, CASP3, and VEGFR2 genes in granulosa cells, cumulus cells,
and oocytes. Absence of an inset figure for an end point in a column indicates that the data were
not available. a,b Indicate differences between groups. # Tended to differ between groups. NS,
non-significant.
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CHAPTER 3
GENERAL CONCLUSIONS

The overarching goal of the research presented in this thesis was to provide insight into the
physiological mechanisms related to the development of ovarian follicles and oocytes. In
particular, the focus of the work presented herein was to characterize and compare the transcript
abundance of genes related to follicle growth, steroidogenesis, apoptosis, and angiogenesis in
granulosa cell and COC, in association with FF milieu and the vascularity of the follicle wall
during different stages of follicle development.
The results of the present study demonstrated a close positive association between follicle
growth and follicle wall blood flow. The findings also indicated a temporal relationship between
follicular growth and FF concentrations of FSH and LH, and with the granulosa cell mRNA
expression of FSHR and LHCGR, reinforcing the dynamics of the gonadotropins during the
follicle development. The higher mRNA expression of LHCGR observed in the post-deviation
and preovulatory stages supports the importance of the LH for the growth and maturation of
ovulatory follicles after deviation. On the other hand, the lower mRNA expression of FSHR and
LHCGR observed just before ovulation was associated with the cessation of follicle growth as
ovulation approached. Since CASP3 mRNA expression was observed in all follicle groups, this
might indicate that granulosa cell apoptosis occurred at any stage of follicular growth in mares.
Meanwhile, the granulosa cell apoptosis seems to decrease as ovulation approaches, as observed
by the higher expression of BCL2 and lower expression of CASP3 during the final stages of
follicle development.
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Significant positive correlations were observed between the FF concentrations of LH with
P4 and E2. Moreover, the CYP19A1 expression was associated with the mRNA expression of
FSHR and LHCGR, and with the intrafollicular concentration of FSH as well; a positive
correlation was also found between LHCGR mRNA and StAR expression. Taken together, our
results suggest the positive effect of gonadotropins on steroidogenesis during different stages of
follicle development.
To the best of our knowledge, the present study is the first to detect the LHCGR expression
in equine oocytes; in this regard, our results demonstrated a higher expression of LHCGR in
oocytes of preovulatory follicles, which might contribute to the oocyte maturation through
meiosis resumption during the final stage of follicle development and just before ovulation;
however, this insight needs further investigation.
The study provided us with multiple perspectives in the understanding of the complex
temporal relationships among follicle vascularization, granulosa cells, FF milieu, and the oocyte
during different follicular developmental stages. This knowledge will be important in designing
more detailed future studies such as metabolomics, lipidomics, and FF proteomics during the
development of the antral follicle. Furthermore, this knowledge may help to develop appropriate
ovulatory and/or superovulatory treatments, select the best‐quality oocyte, and improve the in
vitro oocyte maturation efficiency for various ARTs in mares and perhaps in other species.
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